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Abstract
Extrasynaptic GABAA receptors, often identified as those containing both α4 and δ subunits,
demonstrate super-sensitivity to GABA and are involved in tonic inhibitory processes regulating
activity within mesolimbocortical circuitry. Rodent studies testing the effects of the δ-subunit
selective agonist Gaboxadol (THIP) on alcohol consumption have produced mixed results. The
goal of this study was to determine the role of extrasynaptic GABAA receptors located in the
infralimbic cortex (ILC) in the alcohol consumption of male C57BL/6J (B6) mice. The ILC is of
interest due to its demonstrated involvement in stress reactivity. Furthermore, alcohol exposure
has been shown to interfere with extinction learning; impairments of which may be related to
inflexible behavior (i.e. problematic alcohol consumption). Adult male B6 mice were bilaterally
implanted with guide cannulas aimed at the ILC and were subsequently offered daily limited
access to 20% ethanol or 5% sucrose for 7 days. Immediately prior to ethanol or sucrose access on
day 7, mice were bilaterally injected with 50 or 100 ng THIP (25 or 50 ng per side respectively) or
saline vehicle into the ILC. The highest dose of intra-ILC THIP (100 ng/mouse) increased alcohol
intake relative to vehicle controls, although control animals consumed relatively little ethanol
following infusion. Intra-ILC THIP had no effect on sucrose consumption (p > 0.05), suggesting
that the effect of THIP was selective for ethanol consumption. Together, these findings suggest
that THIP may have effectively prevented the decrease in ethanol intake on day 7 induced by the
microinjection process, perhaps supporting a suggested role for the ILC in adaptive learning
processes and behavioral flexibility.
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1. Introduction
Ethanol has been demonstrated potentiate signaling of the primary source of inhibition in the
central nervous system, γ-aminobutyric acid (GABA), through the ionotropic GABAA
receptor (Mihic et al., 1997, Aguayo, 1990). Pharmacological studies with rodents have
demonstrated a role for GABAA signaling in voluntary ethanol consumption as well as
seeking in operant paradigms via systemic administrations of various GABAA receptor-
modulating drugs, although both promotional and inhibitory effects have been observed
(June et al., 1994, Smith et al., 1992, Ramaker et al., 2011, Moore et al., 2007, Boyle et al.,
1993, Ramaker et al., 2014). One reason for this may be that the pentameric GABAA
receptor is a particularly malleable structure, made up of 5 subunits (comprised of various
combinations of α, β, γ, δ, ε, π, ρ subunits), and is therefore very diverse in both form and
function. For example, GABAA receptor subtypes containing various forms of the α subunit
differentially influence behavioral insensitivity to the sedative hypnotic effects of ethanol
and benzodiazepines (Täuber et al., 2003). The significant structural/functional
heterogeneity of the GABAA receptor suggests that certain isoforms may differentially
influence an individual’s interactions with ethanol.
The GABAA receptor δ subunit has been of interest in recent years in the ethanol field as
some evidence suggests that certain isoforms containing this subunit are particularly
sensitive to ethanol at concentrations achievable by environmentally-relevant consumption
(as low as 3–30 mM; ~15–135 mg/dl)) (Hanchar et al., 2005, Wei et al., 2004, Wallner et al.,
2003). However, it is important to note that these studies involved in vitro applications and
have not always been replicated (Borghese et al., 2006). Thus far, δ subunits have been
found solely in extrasynaptic regions (Farrant and Nusser, 2005). These putatively
extrasynaptic GABAA receptors have been demonstrated to produce tonic inhibitory
currents and are sensitive to low concentrations of GABA (Hanchar et al., 2005, Mody,
2001). Genetic manipulations of δ in the rodent brain have demonstrated an important role
for this subunit in ethanol-related behavior. A study with δ subunit knockout mice found that
knockouts drink significantly less ethanol in a 2-bottle choice test and display reduced
handling-induced convulsions during withdrawal from chronic alcohol treatment relative to
wild type mice (Mihalek et al., 2001). Furthermore, region specific knockdown of the δ
subunit in the dorsomedial nucleus accumbens shell via viral-mediated RNAi has also been
demonstrated to significantly reduce ethanol intake and preference in rats (Nie et al., 2011).
These findings suggest that the δ subunit is an important factor in ethanol consumption and
its influence may even be brain region-specific.
One way to study the role of δ subunit-containing GABAA receptors in ethanol
consumption, while keeping them intact, is through pharmacological approaches. Studies
suggest that the unique GABAA receptor partial agonist, 4,5,6,7-Tetrahydroisoxazolo[5,4-
c]pyridine-3-ol (THIP or Gaboxadol), is highly selective for GABAA receptors containing δ
subunits at particular concentrations (Adkins et al., 2001, Brown et al., 2002, Meera et al.,
2011). Our lab has previously shown that systemic administrations of THIP dose-
dependently reduced the ethanol consumption of C57BL/6J (B6) mice in the ‘Drinking-in-
the-Dark’ paradigm, however this effect was not fluid-specific as water intake was also
reduced at the effective doses (6 and 8 mg/kg) (Moore et al., 2007). Other labs have shown
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both increases (Boyle et al., 1993) and decreases (Ramaker et al., 2011) in voluntary ethanol
consumption following THIP administration with various paradigms and THIP has also been
shown to alter the appetitive and consummatory processes of operant self-administration
(Ramaker et al., 2012). As both GABAA receptors and their δ subunits can be found in
numerous brain regions (Fritschy and Mohler, 1995), exploring the effect of locally applied
THIP may clarify the role of these receptors in ethanol consumption.
In humans, various regions of the prefrontal cortex (PFC) are the evolutionarily ‘highest
order’ brain regions that have been implicated in problematic drug/alcohol use. The PFC has
been particularly implicated in responsivity to drug/alcohol cues and dysfunction in the
region is associated with a greater propensity for impulsive action and difficulty maintaining
abstinence in heavy users (see Koob and Volkow (2009) for review). As such, disorders of
behavioral regulation, such as addiction, may be marked by deficits in PFC function.
Imaging studies have found that alcohol-dependent individuals display enhanced alcohol cue
reactivity in the dorsolateral (dlPFC) (George et al., 2001) and medial PFC (mPFC) (Grüsser
et al., 2004) and that the amount of alcohol consumed in relapse is positively associated with
stronger cue reactivity when abstinent (Grüsser et al., 2004). These different regions are
functionally and anatomically heterogeneous (Pandya et al., 1996, Petrides and Pandya,
2002) and likely have different roles in drug and alcohol intoxication and dependence. As
such, it is important to focus on the unique contributions of PFC subregions to better
understand their involvement in responses to alcohol.
The PFC of rodents also has anatomical/functional subdivisions (Vertes, 2004, Sesack et al.,
1989) and has been demonstrated to play a role in alcohol and drug seeking in operant
paradigms (Sun and Rebec, 2005, Van den Oever et al., 2008, Hodge et al., 1996a). The
medial PFC (mPFC) can be divided into functionally heterogeneous subregions: the
prelimbic cortex (PLC) and the infralimbic cortex (ILC). The PLC has been repeatedly
shown to be affected by drug and ethanol exposure and has been heavily implicated in drug
and ethanol seeking (Holmes et al., 2012, Kroener et al., 2012, McFarland and Kalivas,
2001, McFarland et al., 2003). Less is known, however, about the role of the ILC in drug
and ethanol-related behaviors. Interestingly, it appears to act opposite of the PLC in drug
reinforcement. Cocaine seeking is reduced and extinction learning is enhanced when the ILC
is stimulated via the glutamate receptor agonist, AMPA (Peters et al., 2008a). Concerning
ethanol, lesions of the mPFC (PLC & ILC) have been shown to impair the extinction of
conditioned place preference for ethanol in mice (Groblewski et al., 2012). Chronic
intermittent ethanol exposure has also been shown to impair conditioned fear extinction
which was attributable to impaired NMDA receptor-mediated burst firing in the ILC
(Holmes et al., 2012). Furthermore, chronic intermittent ethanol exposure has been
demonstrated to produce deficits in cognitive flexibility (as assessed by a set-shifting task)
which the authors suggest may be due to alterations in synaptic plasticity (Kroener et al.,
2012). A recent study (Meinhardt et al., 2013) also found that elevated ethanol consumption
following chronic intermittent ethanol exposure was associated with reduced expression of
the type-2 metabotropic glutamate receptor (mGluR2). When mGluR2 levels were rescued
via viral mediated gene transfer, however, ethanol self-administration was greatly reduced.
Collectively, these findings demonstrate that ethanol and other drugs of abuse alter
glutamatergic signaling in the ILC. There is virtually nothing known, however, about the
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involvement of GABAergic signaling processes in the ILC which may ultimately regulate
downstream glutamate signaling. The goal of the current study was to determine the role of
putative extrasynaptic GABAA receptors located in the ILC in the ethanol intake of B6 mice
by employing the DID paradigm and site-specific microinjection of THIP.
2. Material and Methods
2.1 Animals
Adult (60–100 days old at time of surgery) male B6 mice were either obtained from the
Jackson Laboratory (Bar Harbor, ME), or bred on site in our colony at the IUPUI School of
Science. The breeders for these in-house animals were originally procured from the Jackson
Laboratory and it was ensured that breeding did not take place past two generations from the
founder animals. Lighting was maintained on a reverse light-dark cycle with lights off at
0900, and the temperature and humidity of the room were held constant near 20°C and 50%,
respectively. All mice were singly housed 7–10 days prior to surgery to allow sufficient time
for acclimation to isolate housing. Food and water were available ad libitum, except during
the 2-hour drinking access periods where either a 20% (v/v) ethanol in tap water solution or
a 5% (w/v) sucrose in tap water solution was the only fluid available. All experiments were
performed under a protocol approved by the IUPUI Institutional Animal Care and Use
Committee.
2.2 Drugs and Drinking Solutions
The 20% (v/v) ethanol solution was made by diluting 190 proof ethanol (Pharmco Inc.,
Brookfield, CT) in tap water. The 5% (w/v) sucrose solution was prepared by dissolving
sucrose (Sigma Aldrich, St. Louis, MO) in tap water. THIP was purchased from Sigma
Aldrich (St. Louis, MO) and dissolved in 0.9% physiological saline vehicle before
microinjection.
2.3 Drinking in the Dark (DID)
DID takes advantage of the mouse’s most active circadian period by providing a limited 2-
hour ethanol access session during this time (beginning ~3 hours into the dark cycle). Via
the DID paradigm, B6 mice have been shown to drink ethanol to BECs ≥ 80 mg/dl (Moore
et al., 2007, Rhodes et al., 2005), demonstrate motor impairment following ethanol access
(Linsenbardt et al., 2011, Rhodes et al., 2007), and develop tolerance following repeated
daily drinking bouts (Linsenbardt et al., 2011). Starting 3 hr into the dark cycle each day,
animals had their water bottle removed and replaced by a modified 10 ml graduated cylinder
drinking tube fitted with a stainless steel double ball bearing sipper (Ancare, Belmore, NY).
Animals had daily access to either a 20% (v/v) ethanol solution or 5% sucrose (w/v) solution
for 2 hours. During this limited access period, mice did not have access to their regular
water bottles. Volume readings were taken immediately before and after the 2 hour access
period.
2.4 Home Cage Locomotor Activity
Details concerning the exact monitors (Columbus Instruments Inc., Columbus, OH) used in
the current study were previously published (Linsenbardt and Boehm, 2012). Locomotor
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activity data were collected each day for 2 hours during each DID access period. Home cage
activity was monitored to determine whether or not THIP infused into the ILC had a
stimulatory or sedative effect which could have competed with the target behavior
(drinking).
2.5 Surgery
Our stereotaxic surgical procedures have been described elsewhere (Linsenbardt and Boehm
II, 2009, Melón and Boehm II, 2011, Moore and Boehm II, 2009). Stainless steel 25-gaugue
cannulas were aimed and bilaterally implanted 2 mm above the ILC via stereotaxic surgery
(Model 1900; David Kopf Instruments; Tujunga, CA). Stereotaxic coordinates for the ILC
were obtained from the Franklin and Paxinos (1997) mouse brain atlas (from bregma: ± 0.4
mm lateral, + 1.685 mm anterior, − 1.15 mm ventral). Animals were anesthetized using a
ketamine and xylazine cocktail (1% xylazine/10% ketamine w/v in saline; i.p.). All mice
received an analgesic injection of buprenorphine (0.03 mg/kg; s.c.) and an anti-
inflammatory injection of rimadyl (5 mg/kg; s.c.) immediately following surgery.
2.6 Blood Ethanol Concentration Determination
Blood samples (25 μl) were spun down in a centrifuge and the plasma was transferred to 0.5
ml microcentrifuge tubes. Samples were stored at −80°C until determination of BEC in
mg/dl by an Analox Alcohol Analyzer (Analox Instruments, Lunenburg, MA).
2.7 Histology
Animals were euthanized by CO2 inhalation and brains were extracted and snap frozen in
super-cooled 2-methylbutane (Fisher Scientific, Pittsburgh, PA) and stored at −80°C until
sectioning. Thirty μm sections were sliced through the ILC using a CM 30505 Leica cryostat
(Walldorf, Germany). Tissue was stained with 0.5% cresyl violet and examined with a Leica
dissecting microscope for accurate microinjections. Data from animals that had misplaced
cannulas were not included in the analyses. A representative section illustrating accurate
bilateral microinjection into the ILC can be seen in Figure 1A. The placements of
microinjections for all included animals in the current study can be seen in Figure 1B.
2.8 Intra-ILC Microinjections
Our microinjection procedure has been described in detail previously (Linsenbardt and
Boehm II, 2009, Melón and Boehm II, 2011, Moore and Boehm II, 2009). On test day (day
7), each animal was restrained, stylets were removed, and microinjectors were slowly
inserted 2 mm past the guide cannulas into the ILC. Infusion rate (382 nl/min) was
controlled by a Cole-Parmer (74900-series) dual infusion pump. Microinjectors were left in
place for 60 seconds after the infusion had completed to allow time for the fluid to diffuse
away from the tips. The microinjectors were then slowly removed to avoid drawing the fluid
back up into the cannulas and the animal was placed back into its cage and presented with
ethanol or sucrose.
Fritz and Boehm Page 5
Behav Brain Res. Author manuscript; available in PMC 2015 October 15.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
2.9 Experiment 1: The effect of intra-ILC THIP on 20% ethanol intake in DID
The goal of Experiment 1 was to determine the effect of intra-ILC THIP on ethanol intake
and resultant BECs in male B6 mice following a 6-day DID regimen. Mice were habituated
to isolated housing for 7–10 days prior to surgery. Mice were bilaterally implanted with
cannulas aimed 2 mm above the ILC and allowed 2 days to recover. Stylets were adjusted
during these recovery days to ensure cannula patency. The DID procedure commenced the
following day and continued for a total of 7 days. Animals were habituated to the
microinjection handling procedure in escalating durations across days 1–6 of DID,
immediately prior to ethanol access. Days 1–2 consisted of 30 seconds of restraint and stylet
adjustment and restraint duration was increased to 60 seconds on days 3–4. Restraint time on
days 5–6 was increased to 90 seconds and included a ‘mock microinjection’ wherein stylets
were removed and microinjectors were slowly inserted only 1 mm past the guide cannulas.
On day 7, animals received bilateral 200 nl infusions of THIP (25 or 50 ng/side or 50 and
100 ng total/mouse, respectively) or saline vehicle. Immediately following ethanol access on
day 7, periorbital blood samples (25 μl) were taken for later BEC analysis.
2.10 Experiment 2
A separate, naïve cohort of male B6 mice was used in Experiment 2. The work was carried
out identically to Experiment 1, except animals were presented with a 5% (w/v) sucrose
solution during the DID access periods. The effect of intra-ILC THIP on sucrose intake was
evaluated to determine whether the observed effect on ethanol intake was specific to ethanol
itself or whether it generalized to an alternate reinforcer.
2.11 Statistical Analysis
Only animals with confirmed bilateral microinjection into the ILC were included in the
analyses. Out of a total of 84 mice implanted, 4 mice (3 ethanol and 1 sucrose) lost their
skullcaps during the habituation phase, and 8 mice were excluded due to very low ethanol
intake throughout the habituation phase (< 2 g/kg daily average over days 1–6). Of the 70
mice that met ethanol consumption criteria (≥ 2 g/kg day 1–6 average), 53 were confirmed
bilateral hits which translates to surgical accuracy of 75.7%. For both experiments, fluid
intake and home cage locomotor activity across the 6 microinjection habituation days were
analyzed by two-way, repeated measures ANOVAs using subsequent dose group and day as
factors. Fluid intake (Experiments 1 & 2) and BEC (Experiment 1) following access on day
7 were analyzed by one-way ANOVAs with dose group as the factor for both experiments.
Total ambulatory activity during the test day was also analyzed via one-way ANOVAs with
group as the factor in both experiments. Newman-Keuls post-hoc tests were conducted
where applicable and the level of significance was set at p < 0.05. All analyses were carried
out using Statistica 7 software (StatSoft, Tulsa, OK).
3. Results
3.1 Experiment 1: The effect of intra-ILC THIP on 20% (v/v) ethanol intake in DID
The acquisition of 20% ethanol consumption across the 6-days of handling exposure and
DID acquisition is presented in Figure 2A. These data are presented collapsed on subsequent
drug dose group as ethanol consumption between groups was not significantly different
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(F2,26 = 1.47, p = 0.248). Furthermore, the potential interaction between subsequent dose
group and day was not significant (F10,130 = 0.879; p = 0.555). As such, any differences in
ethanol consumption between groups following microinfusion can be attributed to the dose
of THIP and not differences in baseline ethanol consumption. To assess the degree to which
the increasing handling durations and ‘mock microinjections’ influenced ethanol intake over
the course of the acquisition phase for all mice, the significant main effect of day (F5,130 =
4.021, p < 0.01) was followed up with post-hoc testing, revealing that intake on day 5
following the first ‘mock microinjection’ was significantly lower than intake on days 3 and
4 (p < 0.05). Ethanol intake was deemed to have recovered on day 6 following the second
‘mock microinjection’ as intake on this day was not significantly different from any other
days (p > 0.05). The subsequent THIP dose groups were also not found to significantly
differ in home cage locomotor activity across the 6 habituation days (F2,26 = 0.091, p =
0.913). However, a main effect of day (F5,130 = 7.419, p < 0.001) indicated that activity on
days 5 and 6 was significantly reduced relative to days 1–4 (p’s < 0.05; Figure 2B).
Following microinfusion on day 7, a main effect of dose was found (F2,26 = 5.144, p < 0.05)
with the 100 ng dose group consuming significantly more ethanol than the vehicle controls
(p < 0.05; Figure 3A). The analysis of BECs following DID access on day 7 revealed a main
effect of dose (F2,26 = 12.333, p < 0.001) with the 100 ng THIP dose group reaching
significantly higher BECs than the vehicle and 50 ng THIP dose groups (p’s < 0.05; Figure
3B). Home cage locomotor activity following microinfusion was not significantly different
between groups (F2,26 = 1.647, p = 0.212; Figure 3C).
3.2 Experiment 2: The effect of intra-ILC THIP on 5% (v/v) sucrose intake in DID
The acquisition of 5% sucrose consumption across the 6-days of handling exposure and DID
is presented in Figure 4A. Sucrose consumption between subsequent THIP dose groups was
not significantly different (F2,19 = 0.321, p = 0.73) and these data are therefore presented
collapsed on group. A main effect of day was found (F5,95 = 8.696, p < 0.001) with intake
on day 5 following the first ‘mock microinjection’ being significantly lower than intake on
days 3 and 4 (p < 0.05). Sucrose intake also recovered on day 6 following the second ‘mock
microinjection’ as intake on this day was not significantly different from any other days (p >
0.05). The subsequent THIP dose groups were also not found to significantly differ in home
cage locomotor activity across the 6 habituation days (F2,19 = 1.045, p = 0.371; Figure 4B).
However, an overall main effect of day (F5,95 = 4.63, p < 0.001) indicated that activity on
day 5 following the first mock microinjection was significantly lower than days 1–4 and
activity on day 6 was significantly lower than days 2–3 (p’s < 0.05).
Following microinfusion on day 7, THIP was found to have no effect on sucrose
consumption (F2,19 = 0.606, p = 0.556; Figure 5A). Home cage locomotor activity following
microinfusion was also not significantly different between groups (F2,19 = 1.458, p = 0.257;
Figure 5B).
4. Discussion
The current study found that THIP (100 ng) locally applied to the ILC produced greater
ethanol consumption compared to vehicle. However, this ‘increase’ was relative to a
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substantial decrease in vehicle mice. Furthermore, this effect appeared to be ethanol-specific
as sucrose consumption was not affected by THIP. These observations are in contrast with
previous systemic work with THIP and DID in our lab (Moore et al., 2007) and suggest a
role for GABAA receptors in the ILC in the positive modulation of ethanol consumption.
Previous work evaluating the role of mesolimbocortical GABAA receptors in rodent ethanol
consumption has offered valuable insight on region-specific GABAA receptor signaling.
Infusion of the GABAA agonist, muscimol, into the VTA was observed to have no effect on
operant responding for ethanol in rats (Hodge et al., 1996b), although infusion into the
mPFC reduced ethanol intake (Samson and Chappell, 2001). Other studies demonstrated that
GABAA antagonism in both the anterior region of the VTA (Nowak et al., 1998) and
extended amygdala (Hyytiä and Koob, 1995) reduced ethanol intake. Whether or not δ
subunit-containing receptors are partly responsible for such effects is not known and to our
knowledge, no published studies currently exist that explore region-specific effects of THIP
on ethanol intake. Studies employing systemic administration methods have found evidence
for both increased (Boyle et al., 1993, Boyle et al., 1992) and decreased (Moore et al., 2007,
Ramaker et al., 2011, Ramaker et al., 2012) ethanol consumption following THIP. Potential
reasons for this discrepancy may be due to the use of different species (rats vs. mice),
different ethanol access schedules, different drinking paradigms (2-bottle choice vs. single
bottle), different ethanol concentrations, or timing of drug administration. It is also
important to note that moderate/high systemic doses of THIP (4–16 mg/kg) have been
observed to have non-specific effects on fluid intake with observations of such doses
reducing water or sucrose intake (Moore et al., 2007, Ramaker et al., 2012), potentially
reflective of sedative effects. It is therefore important to carefully consider dosage when
exploring ethanol drinking-specific effects of THIP.
In the present study, mice that received the 100 ng dose of intra-ILC THIP consumed
significantly more ethanol than the saline vehicle group (Figure 3A) and attained
significantly higher BECs than both the vehicle and 50 ng THIP dose groups (Figure 3B).
However, it is important to note that the vehicle group on day 7 displayed a large reduction
in ethanol consumption relative to day 6, and the day 7 intake of the 100 ng group was
nearly equivalent to the universal average on day 6 (Figures 2A and 3A). A paired t-test
comparing baseline ethanol intake for animals assigned to the vehicle group on day 6 to the
intake on day 7 trended towards significance (t(8) = 2.258, p = 0.054), suggesting that
ethanol intake in this group was perturbed. Interestingly, this decrease in intake from day 6
to day 7 was not observed in the sucrose-consuming vehicle group (Figures 4A and 5A).
Perhaps one interpretation of this observation is that the animals that consumed ethanol may
have had particularly negative reactions to the microinfusion process.
The microinjection process is unquestionably stressful as the animals are restrained for a
considerable period of time (~90 seconds) and have microinjectors inserted into their brain.
A role for the ILC in extinction learning (Milad and Quirk, 2002), behavioral flexibility
(Kroener et al., 2012), and drug seeking (Peters et al., 2008a) has been demonstrated and
chronic intermittent ethanol exposure can produce neurophysiological abnormalities in the
ILC associated with these forms of maladaptive learning (Holmes et al., 2012, Kroener et
al., 2012). As an acute uncontrollable stressor has been shown to produce similar alterations
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in the ILC (Izquierdo et al., 2006), it may therefore be that handling stress, in conjunction
with ethanol exposure, in the present study was sufficient to induce functional changes in the
ILC which made these mice particularly reactive to the microinfusion process on day 7.
Although the microinfusion itself may have decreased ethanol intake in vehicle control
animals, interestingly, the 100 ng dose of intra-ILC THIP prevented this large decrease in
consumption. We are hesitant to say that THIP increased ethanol intake as the intake of the
100 ng dose group was similar to intake on day 6 (Figures 2A and 3A). Rather, it appears
that the highest dose of THIP may have mitigated the negative response to the microinfusion
process in the ethanol animals. Perhaps the simplest interpretation of this finding is that the
infusion 100 ng THIP into the ILC was somehow anxiolytic. The ILC has been
demonstrated to provide indirect inhibition of the central nucleus of the amygdala (Quirk et
al., 2003) and some evidence suggests this occurs via excitatory glutamatergic input to
GABAergic intercalated amygdala neurons which then provide inhibitory input to the
central nucleus (Berretta et al., 2005). Perhaps intra-ILC THIP disinhibited these
glutamatergic efferents via inhibition of local GABAergic interneurons and promoted
anxiolysis in the current study.
Another possibility is that THIP may have altered adaptive learning processes governed by
the ILC. Existing research has mostly focused on the role of the ILC in drug and ethanol
extinction learning or seeking in animals that either are dependent or have had extensive
drug experience (Meinhardt et al., 2013, Ovari and Leri, 2008, Peters et al., 2008a, Peters et
al., 2008b). Collectively, these studies predominantly suggest that increased activity in the
ILC is associated with enhanced extinction learning and reduced drug and ethanol seeking.
The mice used in the current study were non-dependent and little is known about the
involvement of the ILC in ethanol-related behaviors in non-dependent animals. A recent
study suggested that the ILC may be involved in processing contextual cues associated with
ethanol intoxication in pre-dependent animals (Groblewski et al., 2012). The experimental
procedure of the current study provides many contextual cues (e.g. handling, experimenter
odor, ethanol odor) which may be associated with access to ethanol and/or intoxication
which could have facilitated neurobiological changes in the ILC. In conjunction with
observations that perturbations of the ILC are associated with disrupted cognitive flexibility
(Kroener et al., 2012) and impulsivity (Chudasama et al., 2003), dysfunction in the ILC may
generally manifest as cognitive-behavioral inflexibility. In other words, it is convincing that
the ILC is an important hub for the incorporation of relevant contextual information to
influence subsequent behavior in an adaptive fashion.
It is tempting to speculate that a possible mechanism whereby THIP may have interfered
with adaptive learning processes in the ILC, effectively preventing a decrease in ethanol
intake, may have been a region-specific decrease in excitatory glutamatergic output to the
nucleus accumbens shell (NAcbSh). Previous research has demonstrated that glutamatergic
projections from the ILC to the NAcbSh are necessary to maintain the extinction of operant
responding for cocaine (Peters et al., 2008a). These excitatory projections synapse onto
inhibitory GABAergic neurons in the NAcbSh which then project to the ventral pallidum,
which may ultimately inhibit drug seeking (McFarland and Kalivas, 2001). It has also been
observed that blocking AMPA and kainate glutamate receptors in the NAcbSh produces a
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robust increase in feeding behavior (Maldonado-Irizarry et al., 1995). Therefore,
glutamatergic input to the NAcbSh may be an important mechanism by which the ILC
regulates hedonic behaviors. Perhaps enhancing GABAergic regulation of these excitatory
glutamate efferents in the ILC via THIP ultimately prevented a decrease in ethanol
consumption following microinfusion via a reduction in inhibitory drive to the ventral
pallidum.
To evaluate whether or not THIP may have prevented a decrease in behavioral activation
brought on by the microinfusion process in general, a follow-up analysis of home cage
locomotor activity of all mice (analysis collapsed on ethanol and sucrose consumption) on
day 7 was conducted. Interestingly, there was a main effect of dose (F2,48 = 3.881, p =
0.027) with animals receiving the 100 ng THIP dose being significantly more active than
saline vehicle controls (p < 0.05). When carefully examining these data, it again appears that
THIP may have prevented a decrease from baseline activity that was observed in the saline
controls. As can be seen in Figures 3C and 5B, the vehicle groups exhibit the least activity
on test day and the 100 ng THIP dose groups appear unaltered from baseline on day 6.
Taken together with the drinking data (Figures 3A and 5A), it appears that there may have
been an inhibitory effect of the microinfusion process that the 100 ng THIP dose effectively
prevented, supporting the hypothesis above. However, no decrease in consumption on day 7
was observed in the vehicle group that consumed sucrose (Figure 5A). Therefore, the
amount of fluid consumption, in general, does not appear to be directly related to locomotor
activity across these two experiments and the effect of THIP on ethanol intake may therefore
not necessarily be related to a general effect of the compound on activity. It is possible that
among ethanol-consuming mice, the greater amount of ethanol consumed in the 100 ng dose
group may have influenced the observation of higher activity, not necessarily a THIP-
induced increase in activity. Based on the main effect of dose in the overall analysis above,
however, it is difficult to disentangle these possibilities.
In conclusion, these findings contrast with the previous observation of systemic THIP to
reduce ethanol intake in the DID paradigm in our lab (Moore et al., 2007), demonstrating
that locally applied THIP in the ILC elevated ethanol consumption relative to saline
controls. Furthermore, intra-ILC THIP was not found to influence sucrose intake nor did it
have concrete effects on locomotor activity, suggesting that the doses used here were
specific for ethanol intake. The δ subunit of the GABAA receptor is indeed present in the
rodent ILC (Fritschy and Mohler, 1995), offering opportunity for selective activation of
extrasynaptic receptors. However, the cell-type distribution of the GABAA receptor δ-
subunit in the ILC is not known and it will be important to determine whether or not putative
extrasynaptic receptor subtypes containing this subunit are present in particular projection
neurons or possibly regulatory interneurons. Furthermore, it has been previously shown that
the local concentration of GABA and density of extrasynaptic receptors can influence the
potency of THIP to promote tonic inhibition in cerebellar granule cells with GABA
concentrations > 10 μM blunting this effect (Houston et al., 2012). Evaluations of local
GABA levels in the rodent ILC will therefore offer clarity on whether THIP was likely
acting at synaptic or extrasynaptic receptors in the current study. Nevertheless, intra-ILC
THIP was found to prevent the reduced ethanol (but not sucrose) intake observed in
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conjunction with our microinjection procedures, suggesting that the activation of δ-subunit-
containing GABAA receptors in the ILC can influence ethanol intake. Future studies should
address the synaptic versus extrasynaptic receptor question by employing synaptic GABAA
receptor agonists.
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Highlights
• We explore the role of GABA in the infralimbic cortex (ILC) on binge-like
alcohol drinking in mice
• Bilateral microinfusion of the delta-subunit selective GABAA agonist gaboxadol
increased alcohol intake
• This effect was not observed with sucrose consumption and was therefore
ethanol-specific
• Ethanol-intake-specific effect was not due to motor effects of the drug
Fritz and Boehm Page 15
Behav Brain Res. Author manuscript; available in PMC 2015 October 15.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Figure 1. Representation of surgical accuracy
A) Representative cresyl violet-stained section depicting bilateral insertion of microinjection
cannulas into the ILC. B) Stereotaxic map illustrating the microinjection sites for all animals
included in the analyses.
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Figure 2. Acquisition of ethanol drinking
A) Consumption of 20% (v/v) ethanol via DID and B) home cage locomotor activity across
the 6 days of handling habituation. The data are presented collapsed on subsequent THIP
dose group as there were no significant differences (p > 0.05) between groups in ethanol
intake or activity across days 1–6 (N = 31). The arrow notes the first ‘mock microinjection’
on day 5. *p < 0.05 vs. ethanol intake on days 3 and 4; #p < 0.05 vs. activity on days 1–4.
Fritz and Boehm Page 17
Behav Brain Res. Author manuscript; available in PMC 2015 October 15.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Figure 3. Microinjection test ethanol consumption parameters
A) Ethanol consumption on day 7 following bilateral microinfusion of saline vehicle (n = 9),
50 ng (n = 12), or 100 ng (n = 8) THIP into the ILC. B) BEC values calculated from blood
samples taken immediately following DID on day 7. C) Locomotor activity during the 2-hr
DID test. *p < 0.05,***p < 0.001 vs. vehicle; &&p < .01 vs. 50 ng THIP.
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Figure 4. Acquisition of sucrose drinking
A) Consumption of 5% (w/v) sucrose via DID and B) home cage locomotor activity across
the 6 days of handling habituation. The data are presented collapsed on subsequent THIP
dose group as there were no significant differences (p > 0.05) between groups in sucrose
intake or activity across days 1–6 (N = 22). The arrow notes the first ‘mock microinjection’
on day 5. *p < .05 vs. sucrose intake on days 3 and 4; #p < 0.05 versus activity on days 1–4;
^p < 0.05 versus activity on days 2–3
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Figure 5. Microinjection test sucrose consumption parameters
A) Sucrose consumption on day 7 following bilateral microinfusion of saline vehicle (n = 6),
50 ng (n = 6), or 100 ng (n = 10) THIP into the ILC. B) Locomotor activity during the 2-hr
DID test.
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